A Cu-6.5 mass%Co alloy containing a fine dispersion of ferromagnetic Co precipitates in the Cu matrix is processed by ECAP and measurements of coercivity are carried out after ECAP with different numbers of passes and different processing routes. Changes in particle size and shape including crystal structures are examined using transmission electron microscopy and X-ray diffraction analysis. It is demonstrated that the application of ECAP for 1 pass leads to an increase in the coercivity by more than twice as much as the as-aged condition without ECAP. Microstructure observation reveals that the increase in the coercivity is due to intense straining by ECAP and fragmentation of the Co particles to finer sizes as 10-30 nm. Magnetic anisotropy is observed when the sample is processed through Route A but it is minor for 4 passes of Route C and very little after 4 passes of Route B C . The anisotropy appears because Co particles are uniaxially elongated by processing via Route A.
Introduction
There is a growing interest for grain refinement of bulk metallic materials using processes of severe plastic deformation (SPD). Unlike powder metallurgy, the grain refinement is attained without having any residual porosity. For the SPD processes, many techniques are available [1] [2] [3] and the most typical ones are equal-channel angular pressing (ECAP), 4) high pressure torsion (HPT) 5) and accumulative roll bonding (ARB). 6) An important feature common to all these SPD processes is that there is no appreciable change in the sample cross-section after processing through deformation and this feature is very different from conventional processes of rolling, extrusion and drawing. These SPD processes are now widely used for developing materials with better mechanical properties because of ultrafine grained structures. 2, 3) There are also some applications of SPD processes to functional properties such as magnetic properties, 7, 8) hydrogen storage capability 9, 10) but these applications are still very limited. In this study, ECAP is applied to a Cu-6.5 mass%Co alloy containing a fine dispersion of ferromagnetic Co precipitates in the Cu matrix.
It should be emphasized that the SPD processes are not only effective to the grain refinement but also for the change in the size, shape and distribution of particles if the sample contains dispersed particles. 11, 12) Furukawa et al. analyzed the shape change using a cube element with respect to the number of ECAP passes and showed that the change in the cube element depends on processing routes: 13) in Route A where the sample is not rotated between each pressing as illustrated in Fig. 1 , the cube element becomes thinner and elongated, but in Route B C and Route C where the sample is rotated by 90 in the same sense and by 180 before the next pressing, the cube element reserves the original shape after 4 passes and after 2 passes, respectively. The change in the cube element was also demonstrated using samples where a small Al cube is artificially embedded in the Cu matrix. 14) Fragmentation of particles also occurs by ECAP so that the size of particles becomes smaller with a fine dispersion 12) and, occasionally particles are even dissolved into the matrix.
11)
It is well known that ferromagnetic Co particles precipitate in the Cu matrix when solution-treated Cu-based Cu-Co alloys are subjected to aging. It is anticipated that the Co particles change the shape and size by straining through ECAP. Since magnetization strongly depends on the shape and the size of particles, it is also anticipated that the magnetic properties of the Cu-Co alloys change with straining by ECAP. In this study, an experiment is undertaken to examine a change in magnetic properties with the number of ECAP passes and also with different routes for ECAP processing.
Experimental Material and Procedures
Ingots of a Cu alloy containing 6.5 mass%Co were prepared from high purity Cu (99.99%) and high purity Co (99.99%) using an arc melting furnace in an argon atmosphere. These ingots were homogenized at 1073 K for 24 hours and machined to rods with a dimension of 10 mm in diameter and 60 mm in length. The rods were solution-treated at 1373 K for 3 hours and subsequently aged at 1073 K for 72 hours. All heat treatments were carried out in an argon atmosphere.
ECAP was conducted at room temperature using a die having a channel angle of 90 and an angle of 20 for the outer arc of curvature. With this geometry, an equivalent strain of $1 is created in the rod for 1 pass through the angular channel. An SKD11 tool steel was used for the die and a lubricant containing 5%MoS 2 was applied in the operation. The planes of X, Y and Z were defined for the ECAP sample as illustrated in Fig. 2 and the directions perpendicular to the corresponding planes were defined as the X, Y and Z directions. The rods were processed through Route A for 1, 3 and 4 passes and through Route B C and Route C for 4 passes where the processing routes are illustrated in Fig. 1 . For the measurement of magnetic properties, the rods were sliced to disks with a thickness of 0.80 mm in the direction perpendicular to the X axis as illustrated in Fig. 3(a) . A vibrating sample magnetometer (VSM) was used for the magnetic measurement with an applied magnetic field of AE15 kOe. The disk was rotated during the magnetic measurement about the X axis with the rotation angle of which was defined as 0 when the Y direction of the disk was set horizontally as illustrated in Fig. 3 (b) and as the positive sense when it was rotated in the counter clockwise direction. The slice was mounted on a glass holder and subjected to X-ray diffraction (XRD) analysis with a Co anode under a voltage of 50 kV and a current of 36 mA. The slices were also observed using transmission electron microscopy (TEM). For this TEM, disks with 3 mm in diameter were punched out from the slices and ground mechanically to a thickness of 0.15 mm. They were further thinned in a solution of 67%H 2 O and 33%H 2 PO4 using a twin-jet electropolishing apparatus. An H-8100 transmission electron microscope was operated under an accelerating voltage of 200 kV. Figure 4 shows coercivity measured as a function of for the samples processed through Route A for 1, 3 and 4 passes including the sample in the as-aged condition without ECAP. While the coercivity is invariable with respect to for the asaged sample, it varies with for the samples processed by ECAP.
Experimental Results
There are important features appearing after ECAP. First, the coercivity is increased by application of ECAP and this increase becomes significant as the number of ECAP passes is increased. The increase in the coercivity is more than twice when compared with the as-aged sample without ECAP. Although there is no anisotropy of coercivity for the as-aged sample, the value of coercivity varies with respect to for the ECAP samples, exhibiting the highest at ¼ 90
. According to the cube element analysis with straining by ECAP, 13) this corresponds to the condition where the direction of the elongated particles becomes perpendicular to the magnetic field. Figure 5 shows coercivity plotted against for the samples subjected to 4 passes through Route A, Route B C and Route C including the sample at the as-aged condition. Anisotropy is most prominent when ECAP was operated through Route A. Change in Magnetic Property of Cu-6.5 mass%Co Alloy through Processing by ECAPAlthough there is a slight increase in coercivity at ¼ 90 for Route C, there is no essential change in coercivity with for Route B C .
XRD profiles are shown in Fig. 6 for the samples after processing by 1 pass and 4 passes through Route A including the profile for the as-aged condition. Aging led to the formation of a Co phase having the fcc structure but no appreciable formation of an hcp phase was detected in the XRD profile for the as-aged sample. The Co phase with the hcp structure was detected after processing by ECAP for 1 pass and this Co phase remains present after 4 passes. The change in the crystal structure occurred due to the straininduced transformation through deformation by ECAP. It is also apparent that peak broadening occurred through application of ECAP because of intense strain introduced in the sample. Figure 7 shows a TEM micrograph of the sample after aging at 1073 K for 72 hours but before processing by ECAP. The micrograph was taken in the direction parallel to the [001] orientation of the matrix and a corresponding selected area electron diffraction (SAED) pattern. Precipitate particles with the size of $100 nm are visible in the image in an equiaxed form. It was reported that the particles precipitated at an early stage of aging are spherical and they change the shape to octahedrons surrounded by the [111] planes. 15) This report is consistent with the present observation shown in Fig. 7 .
A dark field image and the corresponding SAED pattern of the sample after 1 ECAP pass are shown in Fig. 8 . It should be noted that the dark field image was taken with the diffracted beam indicated by an arrow in the SAED pattern. The size of the particles is $100 nm and is almost the same as the as-aged condition shown in Fig. 7 . Some particles are elongated in the direction parallel to the Y axis as indicated by an arrow in the image. The elongation of the particles is due to shear deformation by ECAP as analyzed by Furukawa et al. dark field images. It is apparent that the particles become small as 10-30 nm and those processed through Route A are elongated in the direction as shown in Fig. 9(a) . Many equiaxed particles are visible after processing through Route B C and Route C as shown in Fig. 9(b) and Fig. 9 (c).
Discussion
In this study, ECAP was performed on a Cu-6.5 mass%Co alloy containing ferromagnetic Co particles. It was found that the coercivity is increased by more than twice when compared with the as-aged condition and by more than three times for the samples rotated by 90 to the magnetic field. The results clearly demonstrate that the magnetic anisotropy appears.
There may be two reasons for the increase in the coercivity through the application of ECAP. First, the coercivity enhancement occurs due to an increase in lattice defects after straining by ECAP. Such lattice defects are more likely to hinder the movement of magnetic domain walls because of a pinning effect. It should be noted that equivalent strain of $1 is introduced in the sample for one passage through the ECAP die having a 90 channel angle as used in this study. 16) Inspection of XRD peaks reveals that intense strain was created because of the peak broadening as shown in Fig. 6 . Second, the precipitate particles are fragmented to finer sizes as shown in Fig. 9 due to the intense shear created in the sample in addition to the change in shape through deformation. It is generally accepted that the coercivity increases if the magnetic particles become finer because the frequency is lowered for the reversal of the magnetic domain. However, if the particle size is small enough when compared with the size of magnetic domain, the reversal of magnetic domain occurs by the effect of thermal vibration and therefore, the coercivity diminishes to reach a superparamagnetic condition where coercivity is zero. TEM observation revealed that the particles of the initial size of $100 nm is reduced to 10-30 nm and this size corresponds to the size giving rise to a maximum of the coercivity. 17) In this study, the first reason due to introduction of intense strain can be more responsible for the increase in the coercivity because the large increase in the coercivity occurs after the first ECAP pass.
For the anisotropy appearing after processing through Route A but not through Route B C and Route C, the reason should be due to the elongation of ferromagnetic Co precipitate particles as a consequence of strong shear by ECAP. It is said that application of magnetic field perpendicular to the longitudinal axis of the elongated particle gives rise to the largest coercivity force owing to an increase in a Z Y Change in Magnetic Property of Cu-6.5 mass%Co Alloy through Processing by ECAP 105 diamagnetic field in the particle. Figure 10 shows the change in the shape of a cubic element with respect to the number of ECAP passes for Route A, Route B C and Route C taken from the analysis by Furukawa et al. 13) The square shape in the X plane becomes thin for Route A but reserves the initial square after 4 passes for Route B C and Route C, provided that the square shape element is neither fragmented nor sheared apart into smaller sizes. These shape changes are consistent with the advent of the anisotropy obtained after Route A. Furthermore, it is consistent with the fact that the anisotropy is more prominent as the number of ECAP passes and also consistent with the TEM observation that some particles are elongated.
In this study, the precipitate particles change the crystal structure from the fcc structure to the hcp structure by application of ECAP. There is no report that makes a direct comparison of the coercivity between the fcc structure and hcp structure of Co. Besnus et al. measured magnetic moments of both structures and reported that the difference is less than 10%.
18) It is hardly considered that the difference in crystal structure contributes to the difference in coercivity. However, magnetization is easy in the c-axis of the hcp structure and thus magnetic anisotropy may appear if the caxis is aligned in the direction parallel to the longitudinal axes of the elongated particles.
Conclusions
The following magnetic characteristics are observed in a Cu-6.5 mass% Co alloy processed by ECAP.
(1) The magnetic coercivity increases significantly after the first pass. This increase is considered to be due to a pinning effect of lattice defects for the movement of magnetic domain walls. (2) Additional increases in the coercivity occur after processing through Route A for more than one pass. This increase can be attributed not only to the pinning effect but also to the refinement of the precipitates particles to 10-30 nm through intense shear by ECAP. (3) The magnetic anisotropy is prominent when the sample is processed through Route A but it is minor through Route C and negligible through Route B C . The anisotropy occurs because precipitate particles were successively elongated through Route A with increasing number of passes but they reserve the original equiaxed shape through Route B C after 4 passes and Route C after 2 passes. 
